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OPTICAL AMPLIFICATION IN MINIATURIZED P0LYM6R CAVITY RESONATORS 
FIELD OF INVENTION 

5 The present Invention relates to a miniaturized solid state cavity resonator based on a 
photo-definable polymer. Optical amplification is provided by doping the polymer with an 
opticaliy active medium, such as a laser dye. A solid state laser is manufactured by doping 
the polymer with a laser dye and by using the photo sensitivity of the material to form a 
resonator cavity laser is provided. 

10 

BACKGROUND OF THE INVENTION 

It is known in the art of MEMS, M.cro Electro Mechanical systems, and of "Lab-on-a-ch.p" 
systems to combine various components, such as waveguides, flow channels, optical 
detectors etc. on a s.ng.e chip. However, it is often a problem to couple light used for e g 

15 analysis into and out of these microsytems. Typically, a fiber is used for transmitting light 
from a light source onto the microsystem. However, in order to couple the light into optical 
components positioned on the chip, careful alignment of chip and fiber Is essential, thus 
making the assemble sensitive to any external impacts. Furthermore, many of the Lab-on- 
a-chi P systems would be suitable for use with single use devices, provided that a cheap 

20 light source could be provided on the chip itself. 

The functionality of such microsystems may thus be enhanced by Integration of optical 
transducers, such as e.g. solid state lasers, on the chip. Polymer based solid state lasers 
are attractive devices for such applications, since polymer based micro-chips integrating 
2, polymer waveguides, polymer flow channels, etc. are already widely used for lab-on-a-chlp 
microsystems. 

Hu et al. {Thin-film dye feser with etched cavity, C. Hu and S. Kim, Appl. Phys. Lett Vol 
29. page 582 (1976)) has demonstrated a millimeter-sized solid state dye laser by casting 
30 a commercially available laser dye Into a matrix of polyurethane. The dye doped 

polyurethane Is filled into an etched silicon cavity being coated with a thin layer of SIO, or 
metal, thus forming a Fabry-Perot cavity. The laser light Is coupled Into a waveguide grown 
on top of the laser cavity. 

35 U and Sasaki (J. Micromech. Microeng. Vol. 11 (2001) pp. 234 and Jpn. J. Appl Phys Vol 
39 (2000) pp. 7145) has made a similar device using modern microfabrication techniques' 
for making similar devices in poly-methymethacrylate (PMMA) by casting the cavity in a 
sihcon mo.d and peel-off of the molded laser cavities. The cavity uses the principle of total 
internal reflection and the laser light is coupled out through the surface of the cavity. 
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revelation and 0 2 plasma etching. 

MH»* the use or rtC on m c as , ano furtte^ te • 
so ,s to e. g . «,«„»,„ »up„„ 9 » „ 9ht , nt0 „ waveguIde 

DETAILED DESCRIPTION 

15 

It is an object of the present invention to provide a resonator cavity be.n 9 simple to 
manufacture to e.g. make the cavities suitab.e for sin 9 ,e use devices. 

a 7 T"* °' pre5ent ,,>,en,k,n ' *• ato " e - °<»« « 

- a substrate, and 

- a photo-deflnabie polymer structure formed on the substrate ,n a predetermined 
shape denned by a number of sldewalls n -.nrf h«, ^ , eoecermined 
medlum , bewails, n, and being doped with an optically active 

35 wherein the sidewalls of the structure form a cavity resonator »«* , 
wave upon pumping of the device is emitted lateral ** " 
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According to a second aspect of the present invention, the above and other objects are 
fulfilled by an optical device for providing optical amplification, wherein the device 
comprises 

- a substrate, and 

5 - a photo-definable polymer structure formed on the substrate in a predetermined 

shape defined by a number of sidewails, n, and being doped with an optically active 
medium, 

wherein the shape and/or at least one material provided at least along a part of at least 
one sidewal. of the structure are selected so that an electromagnetic wave propagating in 
10 the structure will experience total Interna, reflection when incident on no more than n-1 
sfdewafJs. 

Jt is an advantage that the polymer structure may be provided on any substrate material 
and that the substrate does not necessariiy have to be plagiarised before the polymer ' 
15 structure is formed on the substrate. Thus, other structures, such as waveguides, micro 
channels, etc, may be formed on the substrate using another or the same material 
platform before the polymer structure is formed on the substrate. Alternatively, these 
other structures may be formed after the polymer structure has been formed. 

20 An electromagnetic wave may be emitted from at least a part of at .east one sidewall of 
the structure upon pumping of the device. 

The electromagnetic wave propagating in the structure, for example in response to any 
pumping of the device, may be incident at the no more than n-1 sidewails at an angle 
25 greater than a critical angle to obtain total internal reflection. The critical angle e is 

defined by the refractive index of the polymer, n 2 , and the refractive index of any material 
next to the polymer structure, n„ I.e. according to Snells Law, sin e c = nj /n„ where n, < 
n 2 . • • 

30 in order to obtain total Internal reflection at no more than n-1 sidewails, the angles 

between the sidewails may be carefully selected so that an electromagnetic wave incident 
on e.g. n-l sidewails experiences total interna, reflection, whereas the angle of incidence 
on at least the n<» sidewa.1 allows for coupling an output electromagnetic wave out of the 
structure. This may be achieved for example by a shape being polygonal, such as 

35 triangular or trapezoidal. 

Hereby, any materia, allowing for total interna, reflection inside the structure may surround 
the structure. This materia, may be air or any other suitable materia., such as a polymer or 
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a »<**.. having , refractlve lnaex smaller , hen ^ refraa(ve photo . ae „ nable 
polymer a „d corresponding to the selected shape. definable 

Alternate,,, total Internal refection may te obBlned ^ 
5 teas, along a part of « teast „„ e sk)eW3ll „ the struchJre n-^T 

Lr.d T com r a ind a mateHa, •* — - • —tiz. 

seco d nomber * s,de„a,,s, the m ,ten ate ,„d „« angles 6etwee „ ^ ^ " 
setec,*, so as to provide total mtetna, reflection due «o an fncfdent angle better 

ft "* ' PraPa9atinS — .««en.o„,h:~her 

o sidewalk, tvhereas the second materta, „ se.ec.ed so ,„,, ^ 

2£ : an8le - sa - 10 aiiow *" au * uw " 9 " — —» ^ 

wave through the second number of sldewalls 

15 

I TT1 emb0dirnent ' the *'«*™.agne0c wave Is emitted para«.e, to the substrate 
so that the electromagnetic wave may be emitted laterally. 

in another preferred embodiment, the electromagnetic wave Is emitted at the Brewster 
20 angle, whereby a pCarlsatlon dependent resonator cav,ty may be provided 

The first materia, may be any materia, having a refractive index lower than the refractive 
n ex of the po.ymer. The material may thus be air, „ puld? , poJymers , p J^ T 
ceramics, insulators, etc. 



25 



The second materia, hav.ng a refractive Index different from the refractive index of the first 

wavegaldea may be fomred ,„ an, pte-pattemed structures by the „s« Jf any mat™ 
platform before the resonator cavity la fonrred. 

The second matena, may be provided a,„„g a, teas, a par, „, a, ,eas« one sldeva,, for 
35 ,,,o»,ng for emission „ ,„ electtomagnetlc „ave from the ab^ute. ,„ a preferl 

pert o the a. leas, one a,dev,„, ma, be altered doe to the presence of the second mateda, 
for outputtmg an electromagnetic wave. material 
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According to a further aspect of the invention, an optica, device for providing optica, 
amplification is provided wherein the device comprises 

- a substrate, and 

- a Photo-definable polymer structure provided on the substrate in a predetermined 
shape and being doped with an optical* active medium. P redete ™*«* 

in the present context a photo-definabie is to be interpreted as a poiymer which is 
sens,t,ve to electromagnetic radiation having . wavelenoth abn^V™ T 
exposure systems may be used. wavelength above 250 nm so that standard 

The photo-definable polymer may thus be Dhoto-deflnahu u. 

300 ™. sudl « ^ 365 nm . ,„ ger 400 ^ rrzcr^ th,n 

- a substrate, and 

- a photo-definable polymer structure provided on the substrate in a oredeterm.n.H 
shape and being doped with an optica.ly active medium Predetermined 

wherein the photo-doable polymer is a negative tone photo-definable polymer. 

According to a still further aspect of the D » W nt m.^- 

2 5 - a substrate, and 

" snfoTT H H n , ab,e P ° fVmer StnJCtUre Pr ° VWed ° n the SUbs ^* ■» • Predetermined 
shape and being doped with an optically active medium determined . 

wherein the photo-definable P o» ymer b an epoxy based 

polymer thus has a high resistivltv analn « ^ - . me epoxy based 

n.gn resistivity against chemical and mechanical impacts. 

The optically active medium may require oumnino m ^h> 

3S opticaliy active medium may require e^o T ^ ™* 

Y equire electrical or, preferably, optical pumping. 

Preferably, the optically active medium ic n „~>~ a u 

pula* It Is pJL t0 Z Z, , ' 3 " ^ ° UmP "' 9 «"* - 3 

ov. By PUlse j^z^z^i rr* when pump,n9 a ,a ~ 

sucn as pulse widths below 10 us, such as below 100 ns, 



20 



'AMENDED SHEET — 



- -Tuesaay^ oi Apr 2005, P&V + 4533639600-~ -i >+3l 7n . 041 26.04.2005 ^T 3 ^] 



3S067PC01 



^ ».ve being, sinste mo* ete ct„ ma9nMtewav .. 

me „ . ^ me arra * ma V comprise periodically distributed cavitv 

resonators, so that e.g. a grating may be provided still fi.r*. I Sln0uted cav 'tv 
35 coupled cavity resonators. Urth6r * the deV,Ce ma * com P** 

The shape of the structure may be circular or *mr+ s ~, k 

the shape is a polygon such al for exa ' ' 3 

^uiygon, sucn as for example a trapezoid or a trianoie if**ch an » 
trapezoid, the electromagnetic wave propaqatino In th* , J™" 9 ' 6 - lf the Shape e * 15 

e propagatmg In the cavity may be incident at an angle 
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~» so «», expose o, the Mive oreos are no, JLT ~ ' 

jo « ». aov Po,^, dama9e , to „. optl ^ ZZZXZZ " * 

, po w ma(0 „ 9 *. stnjtture «JZTZ££ r fom, r epoxv basM 

15 fabrication of many kinds of structures. 

It te preferred that the photo-definable polymer is oh^ „ « 

dectrornagnetlc source having a wavelenl abn P "!' 0 ' definab,e ' ***** * an 
as above 300 nm, suc h as above 3^tn ^ " ^ 280 ™' 

nm, used In M.ne •hogr^^TJ^ ^ ^ ***** *«* 365 

» such as a bouC 436 nm ILl^^^T ^ " *~ °° ^ ~> 

advantage of the polymer havina a InvTL P ° ,ymer - * ls a further 
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in a preferred embodiment the wavelength range In which absorption occurs Is only to a 
certain extent overlapping the wavelength range in which the optically active medium is 
active. 

5 

in an especially preferred embodiment, the optically active medium Is a dye such as a 
laser dye, such as Rhodamine, Couramine, etc., etc. By optlcaHy pumping the device 
wherein the polymer comprises a laser dye, pumping light is absorbed by the dye and 
fluorescence is emitted. The wavelength of the emitted light depends on the geometry of 
10 the resonator cavity, the polymer and the concentration of the dye, and the waveiength of 
the emrtted light may thus be tuned by tuning e.g. the optica, path length of the iaser 
cavity. ,t is preferred that the maximum absorption of the .aser dye is at a wavelength 
different from the emission wavelength range. 

15 in a preferred embodiment, the pumping iight beam is Incident substantially orthogonal to 
the surface of the structure. ^ ° 

in one embodiment of the invention the iaser dye is Rhodamine, such as Rhodamine 6G 
Chlonde, such as Rhodamine 6G R 4127, such as the dye having Cas Mo. 989-38-8. 



20 



The concentration of the dye need to be sufficiently high so as to reach the threshold for 
the ga.n condition, i.e. for population inversion and thus for laslng. However the 
concentration should be kept so low so that substantially no dimers are formed, since the 
dimers, e.g. for Rhodamine, have a high absorption in the wavelength range where 

25 Rhodamine is emitting light, the absorption being in the same order of magnitude as the 
emlss,on. For Rhodamine, gain is obtained from about 560 nm to 620 nm. For other laser 
dyes gain is obtained in a different wavelength range, and typically, laser dyes will 
experience gain in the wavelength range from e.g. 300 nm - !000 nm, such as from 400 
nm - 800 nm, such as from 500 - 650 nm, and furthermore gain may be obtained at 

30 wavelengths above 400 nm, such as above 500 nm, such as above 550 nm. 

Preferably, the dye concentration in the polymer is above 0,8 Mmole/cm', such as above 
1,1 Mmole/cm . such as above 1,3 nmole/cm', such as above 3,5 ^mole/cm'. The dye 
concentration in the polymer may be between 0,7 pmole/cm* and 10 M ™ie/c< such as 
35 between 0 8 ^mole/cm* and 5 .mote/cm', such as between l fl ,mo.e/cm> and 3 5 

Mmole/cm . It is envisaged that the preferred dye concentrations In the polymers depends 
on the dye as we., as the poiymer. It is preferred that the dye concentration is high 
enough so that the lasing threshold may be reached but the concentration shouid on the 
other hand not be so high so that an excessive number of dimers are formed. The polymer 
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may further be a modified polymer, such as a dendrimer. so that the dye concentration 
may be increased. 

The substrate may be any substrate, such as a metal substrate, a semiconductor 
5 substrate, a ceramic substrate, a g.ass substrate, such as a Pyrex substrate or any 
combination of such materials. The refractive index of the substrate has preferably a 
refractive index being less than the refractive index of the polymer. Alternatively, an 
additional layer may be provided between the polymer and the substrate. The additional 
layer may either be a layer reducing the absorbance of the substrate or the additional 
10 ayer may be a layer Improving the adhesion between the polymer and the substrate, l.e. 
the additional layer. 

The polymer structure may have a height of less than 2 mm, such as less than 1 mm, such 
as less than SOO H m, such as less than 300 ,m, such as less than 100 „m. such as less 

thBn 10 Mm ' SUCh 35 ,ess than 2 Preferably having a height between 0.5 M m and 10 
pm, such as between 1 M m and 5 jim. 

The .ength of the cavity may be any length supporting amplification in the cavity, thus the 
length of the cavity may range from submlcron to a couple of millimetres. 

20 Furthermore, a method of manufacturing an optically active medium is P rov.ded, the 
method comprising the steps of: 

- providing a substrate, 

- providing a photo-definable po.ymer being doped with an optically active medium 
on the substrate, and 



2S 



- defining a predetermined structure In the photo-definable polymer by 
photolithography. 



The step of providing the photo-definable polymer on the substrate may comprise the step 
of spin-coating the substrate with the polymer being doped with an optically active 
30 medium. 

Furthermore, the step of defining the structure may comprise the steps of 

- exposing the spin-coated polymer in a predetermined pattern, and 

- developing the predetermined pattern to form at .east one po.ymer structure. 

SM further, the step of defining the structure may further comprise the step of soft-baking 
the po ymer prior to the exposing step. For some polymer materials, it is preferred that the 
step of defining the structure further comprises the step of post exposure baking the 
polymer, I.e. baking the polymer after the exposing step. 



35 
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The step of developing may comprise the step of using a wet developer for developing the 
pattern. 

5 In a preferred embodiment the optically active medium is soluted In the polymer prior to 
providing the polymer to the substrate. This ensures a homogeneous distribution of the 
optically active medium In the polymer structure. 

According to a still further aspect of the invention a method for laterally emitting an 
10 electromagnetic wave is provided, the method comprises the steps of 

- providing a photo-definable polymer being doped with an optically active medium 
on a substrate, 

- defining a structure In the polymer by exposing the polymer to optical radiation in a 
predetermined pattern, 

15 - developing the predetermined pattern to obtain at least one structure in the 
polymer, 

- pumping the structure by a pump source so as to provide activation of the optically 
active medium, and 

- laterally emitting an electromagnetic wave. 

20 

Still further, a micro system comprising at least one optical device according to any of the 
above described devices is provided. 

The micro system may further comprise at least one waveguide channel and in a preferred 
25 embodiment the at least one waveguide channel and the poiymer structure of the optical 
device is fabricated in the same polymer material. It is further preferred to provide the 
polymer structure so that an output of the polymer structure Is coupled directly into the 
polymer waveguide channel. 

30 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows absorption and emission spectra of a specific laser dye, Rhodamine 6G, 

Fig. 2 shows a triangular design of a resonator cavity according to an embodiment of the 
35 present invention, 

Fig. 3 shows a trapezoid design of a resonator cavity according to an embodiment of the 
present invention. 
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Fig. 4a is a SEM photo of a trapezoid laser, 

z r ho " s mei ' s "' e<, an9u,ar < " str """ , ° n * ,aser emiss, °" rr ° m >he »■•— - 

5 

Fig. 5 Is a SEM photo of a triangular laser design, 

ELtir emission spec,ra ,rom - * 

10 

Rg. 7 shows an emission spectra from a laterally emitting trapezoid laser, 
Fig. 8 shows a measured peak wave.ength as a function of .aser dye concentration. 
IS Fig. 9 shows an alternative design of a trapezoid shaped polymer structure. 
DETAILED DESCRIPTION OF THE DRAWINGS 

20 l!!*' deSCriPtt ° n 9 Pre,erred emb ° d,ment ° f 3 neW <* °P«-»y P-ped solid 
20 polymer dye .asers according to the present .nvention are discussed, which Jn east be 

-ntegrated with poiymer based microsystem, The solid state lasers sTZZ Tlla 

a photo-de fi nable polymer, SU-B, with a commerce availabie laser 

25 TZa2™T n9 r d3rd ^ ' ith09r3PhY t0 ^ *«*> — povi- 

all P f h t* ,thOBraPhy ' * ^ de ^e of freedom in design Is achieved. Another 
aKra*- feature is the simple design, where total interna! reflections on the vertical 

2Z.r* SldeWa " S eXP,0,ted " " iS hOW6Ver eWiSa9ed ^ ^ -y be 

obta,ned by many other combinations of polymers and optically active media. 

30 The optica.* active medium is in a preferred embodiment a, aser dye and In Fig i the 
bsorp on and emission spectra of the specific laser dye, Rhodamine SG, is shown fcr 
lostrabon of the principle of dye lasers. The absorption and the fluorescence resu. 1 

Z^IZVT™ *• 9rOUOd St3te ^ - *™« — * with 

eTJt ^ ' 3 ^ ^ 9 SHarP riSl " 9 «* *- * ^-r tail characteristic of 
exc.tat.on from a ground state to a quasicontinuum of states. 

The laser dye ,s optica^ pumped by . ^ fr 

wavelength of 532 nm, being Cose to the pea, of maximum absorption for Rhodamine «. 
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It is seen that the laser dye Rhodamlne 6G has optical gain In the wavelength range from 
approx. 550 nm to 620 nm., I.e. the wavelength range In which the fluorescence cross- 
section o e is larger than the absorption cross-section o.. Thus, gain occurs under the 
fluorescence curve but Is reduced In the reg.on which overlaps with the absorption „ , s 
5 the absorption cross-section for the SO - SI transition, and o e , s the emission cross 
section. Moreover, the triplet absorption cross section for the Ti -» 72 transition Is * T . 

The pulse width of the laser is about 5 ns with a repetition rate of 10 Hz. The power ranges 
from 0.5mW - 50m W. y 



10 



n Fig. 2 a triangular shaped cavity resonator having total interna, reflection at two of the 

three sldewalls is shown. The cavity resonator thus contains a self Intersecting mode such 

that total Interna, reflection is obtained on two sides. The angle of incidence on two of the 

«s 1, 2 exceed the critical angle, thus the reflection from the sldewalls are 100 % 

lo At the output interface, the sidewall 3, a reflection of 5.2 % Is obtained for a cavity 

resonator in SU-8 po.ymer doped with Rhodamlne and the cavity being surrounded by air 
The o ut p Ut angle fe 16>7 .. ^ bottom |eft gnd rfght angies ^ zo ^ ^ 

20 in Fig 3 a trapezoid shaped cavity resonator being a laser cavity In SU-8 polymer doped 
wKh Rhodamlne and being surrounded by air. Is shown wherein total Interna, reflection is 
obtained at three sidewal.s of the structure 5, 6, 7. The angle of Incidence on three of the 

IT"* 5 ' 6 ' ? ' eXCeedS ^ ^ an9,S ' thUS the reflerti0 " these sldewalis 
are 100 %. At the output Interface, a reflection of 36,4 % is obtained. Thus, for the 

25 trapezoid shape it has been possible to obtain an Increased reflection from the sldewaM 8 

through which the laser beam is coupled out. The output angle is 78.8°. 

The critical angie for the SU-8/alr interface is e c = 38.97«(,w. = j.59). In the triangular 
design the desired cavity mode is reflected three times per round trip. The geometry 

30 anows for an angle of Incidence above the critical angle, Oc, at two of the reflection points 
The angle of incidence at the third reflection point, where the output coup.ing takes place 
• men restricted to be less than 10 degrees, resulting in a reflectance of approx. 5 percent 
in this pomt. The desired cavity mode in the trapezoid shaped cavity Is reflected four times 
per round trip. This design allows for an angie of incidence, a = 47.29», above 6c at three 

35 reflection points, and an angle, , m 38.14-, close to but below the 0c at the fourth reflection 
point. Th,s ailoxvs for a design with a reflectance of about 37 percent at the output 
coupling. It is difficult to obtain much higher values of reflectance at the output coupling 
wthout exceeding the critical angle due to the steep increase in reflectance as the critical 
angle is approached. 
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For fabrication of the laser cavities, the Rhodamine 6G (Sigma-Aldric R4i 27 > r h, , 
into SU-8 thinner, which Is mixed into th„ ci . o , „ 27) fe dlssolved 

i*. su- 8 « j ~;r h ."t d r r^-* ^ M,crochem - 

In Fig. 4a a S6M photo shows the geometry of the immm-h . 

electromagnetic wave I emfctTd " ^ ^ ° f ' «« « * « 

20 

series of emission soertra f™rr. art , , M trometer * Fj 9- 6 shows a 

ss,on spectra from an array of laterally emitting triangular shaoed 
measured at different Ipvp^ n fn„ m ■ . ° ,, y LI,ar snaped lasers, 

scattered light from the Nd'YAG mimn i= c - d the Peak at 532 nm is 

It is thus seen from the two emission sDectra i n n n c * 

y e .megrated w.th a SU-8 waveguide. The integrated 
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optica, system is realized by two successive UV ,.tho 9 raphy steps, defining the iaser in dye 
doped SU-8 and the waveguide in normal SU-8. This makes the poiymer laser very 
attractive for the development of lab-on-a-chip micro systems. 

5 in Fig. 8 the measured peak waveiength for a 4.8 ^m SU-8 film on a gold/silicon substrate 
is mapped as a function of the concentration. 

There is a minimum fraction of dye moiecuies that must be raised to the first singiet state 
to reach the threshold of osciliation. This minimum is a function of the cross sections of 
10 «-r es cence and absorption, and cavity determined parameters. The frequency at which 
the laser will begin to osciilate Is determined from the minimum of the osdilation condition. 

The oscillation frequency w„, decrease as N Increases, which Is the equivalent of saying 
that the wave.en 9 th will increase as the concentration is increased. This relation is 

15 experimentally observed as the peak wavelength Is measured as a function of the 
Rhodamine 6G concentration in a 4.8 „m thick SU-8 film. The correlation between the 
Rhodamine 6G concentration and the peak wavelength is presented in Table 1 
and graphically In Fig. 8. Although the cross sections a, and o, are not 
known there fs a qualitative agreement between the observed and theoretical 

20 relation. As ind.cated in Table I, the peak wavelength assumes values in 
a range of 17 nrn, which Is achieved by only changing the concentration of 
Rhodamine 6G, thus making the dye laser a versatile Instrument. 



Peak 

wavelength 
(nm) 


564 


566 


568 


570 


572 


574 


576 


579 


581 


Concentration 
[mole/g]*io 6 


0.741 


1.05 


134 


1.62 


1.99 


2.32 


2.56 


2.96 


3.15 



25 



A less mathematical picture may be employed in explaining the lasing wavelength 
as the dye concentration is varied. Below the lasing threshold the population is not 
inverted and the absorption is dominating. As the pumping power is increased the net gain 

30 TnT 65 ; Z 9ai ° maX,mUrT, m ° VeS t0WardS ,0Wer lengths. At some point 

30 the threshdd condition Is fu.fiiled - namely, the gain must exceed the losses, and these 
may be expressed by the cavity iosses 1-R. Hence, the iasing wavelength wil. increase 
when the dye concentration increases since the net gain increases more rapidly and the 
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losses are exceeded at a .eager wavelength. During the measurements of the peak 
wavelength as a function of the Rhodamine 6 G concentrate, opt,ca. b,e^, ng te Lrved 
- especa,* at iower concentrates since soch samp.es retire a higher ~ ~ 

5 As expected the .asing wavetength decreases since some of the Rhodamine 6G dye 
mo.ecu.es are destroyed and the concentration decreases. The mode, de^n L Iasi 
length as the ,„tersect,on between the gain maximum and the ^Z^Z 
-osses, read„y exp,a,ns the re,ation between cavity .ength and peak wave™ 9 

IS which is «, ua , ,„ a , telng „ ave|eng[n „ ^ J J^v "j^T r 

maximum and the cavity .osses intent at a ,ower wavelength ' 



20 



cavity length, d 
turn] 

Lasing 


54.5 


135 


2032 


95 

(triangular 
shaped) 


wavelength 
[nm] 


564 


573 


598 


564 
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.I"? "* ' ea ' Ure ' " " P05S,b ' e 10 Pr0Vi<le " " *™* to <h e pr.se™ 

range may be provided on this chip. wavelength 

c^spon* » «he ^pe^ <, esa1be „ ^ 
the original shape are cut out. Herebv a } 
the cavity are provided. ' a "° Wm9 °" ly 006 P,ane ™* tra ^ * 
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5 



It is envisaged that many other forms and shapes may be provided to obta,n propagation 

: i™ 65 ' etc - usin9 tbe pr,ncip,e of totai ,nternai " °" a « »* ~» 
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